Background: L-carnitine is essential for lipid metabolism, and lack of L-carnitine intake and loss by treatments lead to carnitine depletion causing muscle weakness, anemia, and immune dysfunction. Carnitine depletion occurs in critically ill patients after long treatments, but its epidemiology or the risk factors remain unclear. This study aims to investigate the prevalence and risk factors of L-carnitine depletion in critically ill patients. Methods: Sixty-four patients were enrolled for the study. Total and free L-carnitine concentrations (t-and f-Carnitine) were measured at ICU admission and every 7 days afterward during hospitalization. Acylcarnitine-to f-Carnitine ratio (A/F Carnitine ratio) was analyzed in a subgroup of patients treated with continuous renal replacement therapy (CRRT). Acylcarnitine concentration was calculated as the difference between t-and f-Carnitine concentrations.
Background
L-carnitine is an essential compound for energy utilization through lipid metabolism in the skeletal muscle [1] . It is mainly supplied through the regular diet, especially from animal meat and dairy products. It can also be synthesized endogenously from lysine and methionine in the liver and the kidneys. The endogenous composition of L-carnitine comprises of free carnitine and acylcarnitines (L-carnitine in the form of esters such as acetyl L-carnitine) [2, 3] . Carnitine deficiency can occur as a primary disorder due to the deficiency of L-carnitine cellular transporters, but it is more prevalent as secondary deficiency as a result of conditions such as insufficient intake, medical treatments promoting excretion, and excessive elimination by hemodialysis [2] .
Critically ill patients are usually nourished artificially by enteral or parenteral feeding, which often leads to the lack of L-carnitine intake. The patients are also frequently treated with continuous renal replacement therapy (CRRT) that may cause L-carnitine depletion, in a similar way to hemodialysis. Lack of L-carnitine impairs the utilization of fatty acid as energy source and leads to muscle weakness and muscle loss due to catabolism, which leads to deterioration of patients' physical function.
It is also suggested to lead to anemia and immune dysfunction [1, 4] , leading to infectious complications.
While the prevalence of carnitine deficiency and the effect of supplementation have been studied previously in postoperative patients [5, 6] , L-carnitine concentrations of patients admitted to the intensive care unit (ICU) for unscheduled treatments have not been well described. However, these patients are more likely to be treated longer [7] with higher risks of organ failure treatment [7] . Thus, these patients are more likely to develop carnitine depletion and possibly benefit from supplementation. The present study was conducted to define the prevalence of carnitine deficiency and risk factors of L-carnitine depletion in adult critically ill patients admitted to the ICU for unscheduled treatment and to identify the potential indications for supplementation of carnitine. Further analysis was conducted to determine the indication of carnitine supplementation in subgroup of patients who underwent CRRT [8] .
Methods

Study design
A prospective observational study to analyze the total and free L-carnitine concentrations at ICU admission and during the hospital stay was conducted on adult critically ill patients. The primary objective was to define the prevalence of carnitine deficiency at the time of ICU admission. The secondary objectives were to define patient characteristics at ICU admission that indicate risks for future carnitine depletion and to define ICU treatments that influence L-carnitine concentrations. Patients were treated according to local treatment protocols and were not supplemented with L-carnitine as a part of their treatments. All patient samples were collected strictly from residual serum samples from routine blood analysis at ICU admission and during the hospital stay.
Patient selection
Adult patients admitted to the ICU of Chiba University Hospital, for unscheduled treatment from February 1, 2014, to March 30, 2014, were enrolled. Patients were excluded if they were under the age of 18 years, were admitted to the ICU for post elective surgery care, readmitted to the ICU, or were not expected to survive for more than 24 h at the time of screening for eligibility.
L-carnitine analysis
Residual serum samples were collected for L-carnitine analyses. Initial samples were collected from the routine blood evaluation at the time of ICU admission and followed every 7 days during the hospitalization for a maximum of 28 days. As sample collection relied on residual serum, follow-up samples collected within 1 day before or after the scheduled follow-up date were considered valid for evaluation.
All blood samples were centrifuged immediately after sampling at the central clinical laboratory of Chiba University Hospital and stored in serum form at 4°C for no longer than 72 h. Samples were then collected and stored in the − 80°C freezer until the analysis. L-carnitine concentrations were analyzed as total carnitine concentration (t-Carnitine) and free carnitine concentration (f-Carnitine) for all obtained samples. Acylcarnitine concentration was calculated as the difference of t-Carnitine and f-Carnitine concentrations (Acylcarnitine = tCarnitine − f-Carnitine). t-Carnitine and f-Carnitine analyses were conducted by the enzyme cycling method (KAINOS laboratories Inc., Tokyo, Japan) [9] which uses carnitine dehydrogenase as the primary enzyme and thionicotinamide-adenine dinucleotide (thio-NAD+) and nicotinamide adenine dinucleotide (NADH) as the coenzymes. All samples were analyzed within 60 days from the sampling date. Preliminary tests were conducted to verify this procedure, which revealed no significant change in the measured results after 7-day storage at 4°C or after 60-day storage at − 80°C, compared to immediate analysis after sample processing (data not shown). The lower and the upper reference values of f-Carnitine are 36 and 75 nmol/mL, respectively, according to the specification by the manufacturer.
Data collection
Patient characteristics consisting of age, height, weight, body mass index (BMI), Acute Physiology and Chronic Health Evaluation (APACHE) II score, Sequential Organ Failure Assessment (SOFA) score, origin of admission, and underlying medical conditions were recorded for evaluation of relative factors for the L-carnitine concentration on admission to the ICU. Post-ICU admission treatments such as antibiotic administration, nutrition, and CRRT were recorded for the assessment of factors that may relate to the change in L-carnitine concentrations after ICU admission.
Clinical outcomes were assessed as mortality during the ICU stay (ICU mortality), during the hospital stay (hospital mortality), and at 180 days after ICU admission (180 -day mortality).
Data analysis
For the primary analysis, patients were classified into two groups according to the L-carnitine concentration at ICU admission: low carnitine group, patients with f-Carnitine lower than the lower reference value (36 nmol/ mL), and normal carnitine group, patients with fCarnitine higher than the lower reference values. The patient background characteristics at the time of admission were also compared between the two groups to identify risk factors for carnitine depletion at the time of ICU admission.
For the secondary analyses, patients were classified into two groups according to the changes in L-carnitine concentrations from day 0 to day 14 of the hospital stay: carnitine reduction group (f-Carnitine at day 0 > f-Carnitine at day 14) or carnitine elevation group (f-Carnitine at day 0 ≤ f-Carnitine at day 14). Factors associated with the reduction or the elevation of L-carnitine concentrations were investigated by comparing the patient characteristics and treatments conducted after ICU admission.
Calculated acylcarnitine concentrations were studied as ratio to f-Carnitine (A/F Carnitine ratio) to evaluate the need for L-carnitine supplementation in patients treated with continuous renal replacement therapy for acute kidney injury (AKI).
Data are presented as mean ± standard deviation (SD), median and quartile, or absolute numbers and percentages as appropriate. We tested for differences between the two groups using an unpaired t test for continuous data and Fisher's exact test for categorical data. Receiver operating characteristics (ROC) curve analysis was conducted for potential risk factors using f-Carnitine reduction at day 14 as the dependent variable. The cutoff value was determined by Youden-Index. Statistical analyses were performed using the GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA).
Results
Patient selection
During the study period, 338 patients were admitted to the ICU. Sixty-four patients were enrolled in the study after excluding 224 post surgery patients, two patients under the age of 18, six patients who were readmitted to the ICU, and five patients who were expected to die within 24 h, by the exclusion criteria. Also, 37 patients were lost for enrollment due to other reasons such as insufficient residual serum samples and admission during holidays when the initial sample processing was not possible (Additional file 1: Figure S1 ).
Primary outcome
The median t-Carnitine and f-Carnitine at the time of admission were 64.2 (50.5-102.3) nmol/mL and 50.5 (36.8-80.3) nmol/mL, respectively. Carnitine deficiency defined as f-Carnitine < 36 nmol/mL was observed in 15 (23.4%) patients (Table 1) . No significant differences were found between the low carnitine group and the normal carnitine group age, sex, BMI, comorbidities, severity of the critical illness, or admission diagnoses ( Table 1) .
Secondary outcomes Transition of carnitine concentrations
The median t-Carnitine and f-Carnitine at day 14, 71.7 (55.9-83.1) and 59.8 (46.0-69.1), respectively, were within the upper and lower reference values (Additional files 2 and 3).
Factors related to the reduction or the elevation of Lcarnitine concentrations
Patients were divided into carnitine elevation group (n = 14, 48.3%) and carnitine reduction group (n = 15, 51.7%) according to the 14-day transition of f-Carnitine ( Table 2 ). The 14-day transitions of f-Carnitine concentrations in the two groups are shown in Table 2 and Additional file 3: Figure S3 in the supplementary appendix. BMI was significantly lower in the carnitine reduction group compared with the carnitine elevation group (19.4 ± 2.9 and 22.4 ± 2.8, respectively, p = 0.01). No significant differences were found in the patient severity at ICU admission (SOFA score and APACHE II score). There were no significant differences in the rates of ICU treatments such as administration of artificial nutrition; CRRT for AKI was also not statistically significant ( Table 2) .
The association between the clinical factors and the degree of change in f-Carnitine from day 0 to day 14 (Δf-Carnitine) were further analyzed (Table 3 ). There was a significant negative correlation between the BMI and the Δf-Carnitine (p = 0.01). ROC curve analysis revealed a significant cutoff value of 19.5 (area under the curve (AUC) = 0.81, p < 0.01) (Fig. 1a) .
Significantly positive correlation was observed between the SOFA score on ICU admission and the Δf-Carnitine (p = 0.012) (Additional file 4). However, a significant cutoff value was not defined by the ROC curve analysis (tentative cutoff value 8.5; AUC = 0.57, p = 0.5) (Fig. 1b) .
Contribution of CRRT on the A/F Carnitine ratio
Patients treated with CRRT were compared with patients without CRRT. Although a significant difference of f-Carnitine concentrations was not found among patients with CRRT and without CRRT at day 14, A/F Carnitine ratio at day 14 was higher in CRRT patients compared with the patients without CRRT (p = 0.012, Fig. 2 ).
Discussion
In the present study, carnitine deficiency was observed in 23.4% of the critically ill patients admitted to the ICU for unexpected treatments. BMI lower than 19.5 was found to be a significant risk factor for L-carnitine reduction. SOFA score at the time of ICU admission was correlated with the subsequent decrease in L-carnitine concentrations, although a significant cutoff value was not defined.
Carnitine deficiency in ICU patients
This study is the first epidemiological study to prospectively investigate the L-carnitine concentrations in critically ill patients who were admitted to the ICU for unscheduled treatment. Previous studies in postoperative patients have concluded that carnitine deficiency was rarely observed [5] and that the benefit of supplementation was limited [6, 10, 11] . Recent progress in ICU treatments including organ support therapies has enabled critically ill patients of various etiologies and severity to survive the critical illness and to endure longterm intensive treatments. However, little has been studied about carnitine concentrations and its roles in the current-day critically ill patients. Recent studies regarding carnitine concentrations have focused on non-critically ill patients [4, 12, 13] or critically ill patients already presenting symptoms of carnitine depletion [1, 14] .
Indication for L-carnitine measurement and supplementation
There were no significant differences in the clinical outcomes such as length of ICU stay and mortality between patients with or without carnitine deficiency at the time of ICU admission (Additional file 5: Table S1 ). This observation suggests that carnitine deficiency at ICU admission does not immediately indicate the need for carnitine supplementation. However, long-term multidisciplinary treatments provided for current critically ill patients while lacking sufficient supplementation could increase the chance of carnitine depletion in the later Extended artificial nutrition is also a frequent cause of the depletion due to the lack of L-carnitine content in enteral or intravenous nutrition formula. L-carnitine is sufficiently pooled endogenously; thus, carnitine depletion usually occurs after more than 14 days of interrupted carnitine supply [14] . Evaluation over longer stay is likely to reveal further decrease of L-carnitine concentration, as demonstrated in some case reports of carnitine depletion [1, 14] . The relationship between BMI and decreased L-carnitine concentrations may be related to the fact that L-carnitine is mainly stored in the skeletal muscles, where it facilitates medium-and long-chain fatty acid transport from the cytosol into the mitochondria for β-oxidation and energy generation [1, 4] . Since muscle mass is frequently lost during the early phase of the critical illness due to catabolism [15] , patients with smaller muscle mass, possibly reflected by low BMI, are likely to suffer loss of relatively greater portion of their carnitine pool, leading to decreased L-carnitine concentrations. However, more specific methods to evaluate muscle mass such as the body composition [16, 17] analysis or anatomical evaluations [18, 19] are needed to confirm this hypothesis. It should also be noted that the study population was limited to patients with relatively low BMI (mean ± SD 21.6 ± 3.8).
The mechanism behind carnitine reduction in patients with higher SOFA scores is not well defined. One explanation may be the metabolic load on mitochondrial function during severe illness [20] . One randomized controlled trial studied the effect of carnitine infusion in vasopressor-dependent septic shock patients based on this hypothesis [20] . Although carnitine concentrations were not measured in this study, early infusion of L-carnitine was related to reduced 28-day mortality without harmful effects, suggesting a potential benefit of L-carnitine infusion in this patient population. Despite the uncertainty of the mechanism, these findings warrant further investigation of L-carnitine concentrations in relationship to the benefits of carnitine supplementation in patients with organ dysfunctions.
Patients treated with CRRT
Indication for supplementation of carnitine can also be determined by focusing on the accumulation of acylcarnitine by its ratio to free carnitine (A/F Carnitine ratio), as implemented in hemodialysis patients [8] . The accumulation of acylcarnitine in the blood indicates impaired mitochondrial metabolism, insufficient elimination by the kidney, or impaired transport of acylcarnitine due to the lack of L-carnitine supply and can lead to complications such as liver mitochondrial dysfunction [2] . The administration of L-carnitine in hemodialysis patients has been suggested to help the redistribution of acylcarnitine to eliminate potentially toxic acylcarnitines through hemodialysis [8] . The subgroup of patients treated with CRRT presented elevated A/F Carnitine ratio, a finding consistent with hemodialysis patients [13] . The difference in the efficacy of RRT implicates a disparate mechanism affecting A/F Carnitine ratio in patients with CRRT compared to hemodialysis patients. In critically ill patients usually treated with CRRT, the relationship between mitochondrial dysfunction and severity has been shown in the previous reports [21, 22] . We speculate that not only insufficient elimination by kidneys but also impaired mitochondrial metabolism due to critical illness lead to accumulation of acylcarnitine. Although dialysis efficiency of CRRT is different from that of hemodialysis, carnitine supplementation in ICU patients treated with CRRT may help to avoid symptoms similar to dialysis-related complications such as anemia and muscle weakness [13] .
Limitations
This study has some limitations, mainly related to the study design. The results obtained from limited patient enrollment in a single-center observation require external validation of the results. Valid patient follow-up was possible for only 14 days, while carnitine depletion is more likely to occur in long-term treatments [14] . Although we were able to identify the trend of carnitine reduction in patients with lower BMI and higher SOFA scores, the transition of carnitine concentrations were within the reference ranges. Longer follow-up in a larger patient population may have enabled more specific analyses, including the possibility of identifying other risk factors. The study design to use BMI as the only parameter for the estimation of endogenous carnitine supply is another limitation, as more specific methods are recommended to determine muscle mass [18, 19] . On the other hand, the contribution of carnitine metabolism on anemia and decreased cardiac performance, which is known to be significant for hemodialysis patients [23] , should be investigated in critically ill patients. Despite these limitations, the present study attempted to collect the epidemiological data on carnitine concentrations in modern critically ill patients and to identify the potential focuses for future studies.
Conclusions
Carnitine deficiency was observed in less than one fourth of critically ill patients at ICU admission. Low BMI (< 19.5) and high SOFA scores at ICU admission were identified as potential risk factors for carnitine depletion during extended ICU stay. Patients treated with CRRT presented signs of impaired carnitine metabolism. Further studies to investigate the potential benefits of carnitine supplementation may be warranted for these patients.
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